The Earth's rotation can change as a result of several internal and external processes, each of which is at a different timescale. Here, we present some possible connections between the Earth's rotation variations and the geomagnetic reversal frequency rates over the past 120 Myr. In addition, we show the possible relationship between the geomagnetic field reversal frequency and the 18 δ O oscillations. Because the latter reflects the glacial and interglacial periods, we hypothesize that it can be used as a possible indicator to explain the length of day (LOD) variations and consequently the reversal field frequency over the past 510 Myr. Therefore, our analysis suggests that the relationships between the geomagnetic reversal frequency rates and the Earth's rotation changes during the Phanerozoic. However, more reversal data are required for periods before the Kiaman Reverse Superchon (KRS) to strengthen the perspective of using the geomagnetic reversal data as a marker for the LOD variations through geological times.
Introduction
The Earth's rotation can be understood through internal and external processes that act upon the planet. External processes include: gravitational interactions with the Moon, the Sun and the planets; orbital and rotation axis variations; and position of the solar system relative to the galactic spiral arms. Internal processes include: the redistribution of densities in the mantle because of the lithospheric plate subduction and mantle convection; distribution of continents; variations caused by glacial and interglacial periods (e.g., Lambeck, 1980; Hide and Dickey, 1991; Gross, 2007) .
The variations in Earth's rotation can be studied using the principle of conservation of angular momentum for the Earth system. The solid Earth rotation varies as a result of the applied external torques, internal mass redistribution and transfer of angular momentum between the solid Earth and its fluids (Gross, 2007) . Regarding the fluids, hydrodynamic and magneto hydrodynamic torques strongly act at the solid and fluid parts of planet Earth (e.g., Hide et al., 2000) . Rotation variations are often expressed as length of day (LOD) variations, which have been observed at decadal timescale and are considered a result of the angular momentum transfer from the outer core zonal flow to the mantle (e.g., De Viron, 2005, 2013; Holme, 2007) . Large LOD variations over decadal time scales arise from the exchange of angular momentum between the solid mantle and the fluid core (Holme, 1998) .
The main geomagnetic field is generated in the Earth's liquid metallic outer core. Driven by buoyancy forces from the action of gravity on density heterogeneities, the core motions are strongly affected by Coriolis forces because of the Earth's rotation and geometry of the coupling surfaces (e.g., Lambeck, 1980; Hide and Dickey, 1991; Hide et al., 2000; Miyagoshi and Hamano, 2013) . A link between the decadal geomagnetic field and LOD variations has been treated (e.g., Yoshida and Hamano, 1995; Dumberry and Bloxham, 2006) ; however, the relationship between the geomagnetic field and LOD variations has not been explored for the geological timescale. Geomagnetic field reversals are the most important field features that have been observed throughout the geological timescales. The Earth's magnetic field irregularly reverses, and the reversal frequencies are highly variable: there are periods with high reversal frequencies and periods of remarkable stability, i.e., the superchrons (e.g., Merrill et al., 1998) . The reason for this apparent discrepancy in reversal frequencies remains in debate, and the variations in Earth's rotation can play an important role during the geological times.
Here, we present some possible connections between the Earth's rotation variations and the geomagnetic reversal frequency rates over the past 120 Myr. In addition, we show the possible relationship between the geomagnetic field reversal frequency and δ 18 O oscillations. Because the latter reflects the glacial and interglacial periods, we hypothesize that it can be used as a possible indicator to explain LOD variations and consequently the reversal field frequency over the past 510 Myr. In this case, we FIGURE 1 | Geomagnetic reversal rates over the past 120 Ma period, which were calculated according to Pavlov and Gallet (2005) and compared with the LOD time derivative variations from Greff-Lefftz (2011). suggest that the superchrons can be the Earth's internal markers for LOD oscillations through the Phanerozoic.
Magnetic Field Reversal Frequency and the Earth's Rotation Variations
The field reversal rate changes can be obtained based on the geomagnetic polarity time scale (GPTS), which is well constrained for the 0-160 Ma period using high-resolution sea-floor magnetic anomalies. For the period prior to 160 Ma, the GPTS is obtained from lower-resolution, paleomagnetic measurements in sedimentary and igneous rock records (Ogg, 1995) . The current GPTS database spans approximately the past 540 Ma and indicates periods of high and low reversal rates according to Pavlov and Gallet (2005) (see Figures 1, 2) . For the past 540 Ma, three periods without reversals are observed at approximately 125-83 Ma (the Cretaceous Normal Superchron-CNS), at approximately 314-267 Ma (the Kiaman Reverse Superchon-KRS) and at approximately 482-463 Ma (the Moyero Reversal Superchron-MRS), although some reversals may have occurred within these intervals (e.g., Ogg, 1995; Granot et al., 2012) . Highfrequency reversal periods have been determined before and after the CNS and KRS.
Each external or internal cause for rotation change acts at a certain timescale (Lambeck, 1980) . Creer (1975) suggested that there might be a connection between changes in the predominant geomagnetic polarity reversals and Earth rotation variations, which were obtained from coral growth data. Greff-Lefftz (2011) constructed a 120 Ma model for the length of day (LOD) variations, where the change components are attributed to mantle density heterogeneities (i.e., upwelling domes and sinking plates) and viscoelasto-gravitational deformations according to Ricard et al. (1993) and Rouby et al. (2010) . In that work, the LOD perturbation was estimated as 0.4 µs per year, which is an order of magnitude smaller than the effects of the last glaciation. Figure 1 shows the LOD time derivative from Greff-Lefftz (2011) and the geomagnetic reversal rates for the past 120 Ma. The two curves are similar from ∼80 Ma until the present, although between approximately 115 and 80 Ma, which coincides with the CNS, the LOD variation and reversal rates (Figure 1) are approximately constant. Prior to approximately 115 Ma, both the LOD and reversal rate variations show a similar trend, which can be ascertained by the strong correlation (r = +0.82) between both curves (Figure 1) . In addition, both phenomena vary at the identical timescale (i.e., at Ma), which indicates that the geomagnetic field reversals "instantaneously respond" to the LOD changes. These observations clearly suggest a possible direct connection between the LOD variations and an internal process in the Earth's core (geodynamo).
Comparison with δ 18 O data
At a Phanerozoic time scale, the variations of the Earth's rotation can be a result of glacial isostatic adjustment (GIA) (e.g., Wu and Peltier, 1984; Nakada and Okuno, 2003; Martinec and Hagedoorn, 2014) . The glacial-interglacial transitions induce variations in sea level and temperature. The δ 18 O values for the Phanerozoic calcitic and phosphatic shells from all continents (Veizer et al., 1999 (Veizer et al., , 2000 have been used as a proxy for sea level and temperature variations (Miller et al., 2005; Shaviv, 2005; Müller et al., 2008; Price et al., 2013; Shaviv et al., 2014) . A correlation between the sea level and the rotation caused by glacial-interglacial transitions can follow from the Earth's angular momentum conservation, when large displaced water masses induce changes in the inertia tensor, which consequently causes variations in rotation. The geomagnetic field responds to the rotation changes because one of the main forces in the geodynamo dynamical equation (Navier-Stokes) is the Coriolis force. Figure 2 shows a comparison between the Phanerozoic geomagnetic reversal frequency variation and δ 18 O values. The δ 18 O curve is adapted from Veizer et al. (2000) and Price et al. (2013) . The curve shows detrended running averages with steps of 10 Myr and windows of 20 Myr. The reversal frequency curve was linearly interpolated with an interval of 10 Myr. The data were divided into three time intervals: 0-120 Ma, 120-270 Ma and 270-510 Ma. The first time interval is shown in Figure 1 . The second interval is a continuation of the first interval, for which many reversal frequency data are available. The third interval has little available geomagnetic reversal data. The computed correlation coefficients between the reversal frequency rate and δ 18 O variations are +0.79 and +0.72 for the 0-120 Ma and 120-270 Ma intervals, respectively. In these cases, the correlations between both curves indicate a similar trend, and both CNS and KRS superchrons coincide with temperature maxima values from δ 18 O values. These temperature maxima correspond to the inertia momentum maxima and rotation minima during the Phanerozoic. For both intervals (0-120 and 120-270 Ma), the statistical significance of the calculated correlation coefficients was tested using Student's test. The results indicate that the calculated correlation coefficients are reliable considering the 95% confidence level. For the 270-510 Ma interval, the correlation coefficient is −0.26, and the significance test indicates that the 95% confidence level has not been reached. This result may have been strongly affected by the lack of reversals data. This is not an evident clue for the relation between the geomagnetic field reversal rate (consequently, LOD variations) and δ 18 O oscillations for this time interval.
Final Remarks
The LOD variations over the past 120 Myr show a close relationship with the geomagnetic field reversal frequency. This relationship is ascertained by strong similarities between both curves with a correlation coefficient of +0.82. Because geomagnetic field variations can be an "instantaneous direct response" of the LOD oscillations, they can be used as a marker for other phenomena. According to the LOD modeling, it causes perturbations in the Earth's rotation that are approximately one order of magnitude smaller than those caused by the last glaciation. If this assumption is correct, the glacial-interglacial transitions directly affect the LOD variations. In this case, the reversal frequency rate can be used to compare with climatic proxies such as δ 18 O data.
The comparison between δ 18 O and the geomagnetic reversal frequency presents similar trends during 0-120 Ma and 120-270 Ma. For these two periods, the CNS and KRS superchrons coincide with the temperature maxima, which correspond to the inertia momentum maxima and rotation minima. The MRS superchron also corresponds to a temperature maxima, although the correlation between the two curves is low due to scarcity of data. These rotation variations (LOD) can occur because of the hydrodynamic changes (water and ice mass displacements) on the Earth's surface. These hydrodynamic variations consequently reflect the observed glacial and interglacial transitions during the 510 Ma period. There is a fourth Phanerozoic temperature maximum, where reversal data are scarce, that could correspond to a Devonian Superchron.
Therefore, our analysis suggests relationships between the geomagnetic reversal frequency rates and the Earth's rotation changes during the Phanerozoic. However, more reversal data are required for periods before the KRS to strengthen the perspective of using geomagnetic reversal data as a marker for LOD variations through geological times.
